The paper presents principle of operation and design of the most popular chemical sensors for measurement of volatile organic compounds (VOCs) in outdoor and indoor air. It describes the sensors for evaluation of explosion risk including pellistors and IR-absorption sensors as well as the sensors for detection of toxic compounds such as electrochemical (amperometric), photoionization and semiconductor with solid electrolyte ones. Commercially available sensors for detection of VOCs and their metrological parameters-measurement range, limit of detection, measurement resolution, sensitivity and response time-were presented. Moreover, development trends and prospects of improvement of the metrological parameters of these sensors were highlighted.
Introduction
Human activity contributes to generation of pollution, the amount and quality of which often exceed utilization abilities of the natural environment. It leads to loss of biosphere balance and frequently to unpredictable results. The anthropogenic sources of pollution can be divided into 4 basic groups: -energetic connected with mining processes (mines, drawing shafts) and fuel combustion, -industrial engulfing heavy industry (crude oil processing, metallurgy, cement plants, organic chemistry industry), production and application of solvents, food industry, pharmaceutic industry and so on, -traffic, road transport (mainly cars), air and water transport, -municipal, farms, houses, storage and utilization of solid waste and sewage (landfills, treatment plants) [1] [2] [3] [4] .
Volatile organic compounds (VOCs) constitute an important fraction of gaseous pollutants over urbanized areas, which originates from exhaust gases, evaporation of petroleum products and utilization of organic solvents [5] [6] [7] [8] [9] . VOCs take part in many photochemical reactions that yield harmful or even toxic products. Volatile organic compounds can also cause serious health problems as a number of them exhibit toxic, carcinogenic, mutagenic or neurotoxic properties. Moreover, many of them possess malodorous character that can contribute to deterioration of air quality [10] [11] [12] . What is more, VOCs are present at different concentration levels in indoor air. People who live in the climatic zone of the Central Europe spend most of their lifetime indoor. A statistic adult spends about 80% of their life at home, workplace, school, restaurant, cinema, means of public transport, etc. [13] [14] [15] [16] . Elder people and children spent even more time indoor. Hence, even relatively low concentration of the pollutants present in indoor air can constitute health hazard due to long time of impact. The amount of pollutants present in indoor air increases due to different reasons [17] [18] [19] : -construction of hermetic buildings (preventing energy loss), which do not provide enough air exchange, -implementation of construction and finish materials with not fully identified properties, -decreasing of height and volume of rooms.
The World Health Organization (WHO) recognized volatile organic compounds as the most important pollutants of indoor air. Harmless air is defined as the one, in which the total content of VOCs is lower than 100 μg/m 3 . Among ca. 500 volatile compounds identified so far and present in indoor air only a few were proved pathogenic. Nevertheless, many of them are believed to contribute to such symptoms as: allergies, headaches, loss of concentration, drying and irritation of mucous membrane of nose, throat and eyes, etc. [20, 21] . A set of such symptoms is named "Sick Building Syndrome". Indoor air quality depends on ambient air (outdoor one) and indoor emitters such as: -construction materials, -finish materials (paints, lacquers, wallpapers, floor covering, expanded polystyrene boards), -burning processes, tobacco smoking, -cleaning and preservation substances.
The largest group of emitted compounds are hydrocarbons including aromatic ones: benzene, toluene and xylenes. A significant contribution also originates from esters of short-chain organic acids, terpenes, formaldehyde and phenols. However, correct evaluation of outdoor and indoor air is not an easy task. Air is a quite complicated system subjected to changes even in a short period of time. Recently observed dynamic progress in analytical methods and analytical instruments is a basis for obtaining reliable information on indoor and outdoor air condition and quality. However, this progress leads to an increase in the cost of monitoring and air quality evaluation, which significantly limits their widespread application. Hence, alternative methods of acquisition of the information on air quality are being sought. Special attention is paid to sensor techniques [22] [23] [24] . According to a definition "chemical sensor" is a device, which changes chemical information from the environment into analytically useful signal. Numerous advantages of the chemical sensors include: low cost of manufacturing, simple design and possibility of miniaturization as well as relatively good metrological parameters such as sensitivity, selectivity, measurement range, linearity or response time. VOCs concentration level in air determines selection of the chemical sensors for their measurement. In the case of measurement of exhaust gases and indoor air at workplace, applicability of the chemical sensors is relatively high due to practical and economic advantages of these sensors.
The authors of this paper want to present up-to-date solutions available on the market as far as the chemical sensors for measurement of volatile organic compounds in outdoor and indoor air are concerned.
Characteristics of the Chemical Sensors for Detection of VOCs
In the case of commercially available chemical sensors for detection of volatile organic compounds one can distinguish two main approaches: the sensors for identification of explosion risk including thermal sensors (pellistors) and the infrared radiation absorption sensors. The latter group intended for detection of toxic gases belonging to VOCs includes electrochemical, semiconductor with solid electrolyte and PID-type sensors (photoionization detectors) [25, 26] . Obviously, the main objective of the manufacturers is elaboration of a sensor with the best selective properties and with the low limit of quantification (LOQ). Figure 1 presents the concentration range of VOCs present in ambient air, indoor air at workplace and in exhaust gases. The figure also shows, which commercially available sensors are designated for detection and measurement of VOCs in ambient air, indoor air at workplace and in exhaust gases. It can be observed that the PID-type and electrochemical sensors are characterized by the lowest LOQ values. Design and operation principle of these sensors were described below. 
Electrochemical (Amperometric) Sensors
In these sensors analyte particles diffuse through a membrane (separating gas environment from an internal electrolyte) and the internal electrolyte (most frequently aqueous solution of strong acids or bases, although mixtures with aprotic solvent are also utilized) towards the surface of a working electrode suitably polarized with respect to a reference electrode. Electrochemical reaction occurs at the working electrode, whereas a counter electrode experiences the reaction providing electron balance. A result of the redox reaction is generation of electric current being a sensor signal. This signal is proportional to concentration of the analyte present in direct vicinity of the sensor (gas environment) [27, 28] . Figure 2 schematically illustrates design of the electrochemical sensor in a three-electrode version with the working (measurement) electrode, counter electrode and reference electrode of constant potential with respect to the working electrode. 
Metal Oxide Semiconductor Sensors
In these sensors analyte particles diffuse towards the receptor surface, which is metal oxide (maintained at suitable temperature using heater) where they undergo chemisorption. This interaction results in change of resistance of the receptor element. Two types of metal oxide semiconductors are utilized in measurement practice: -type n (for example ZnO, SnO2), which change resistance of the receptor element in the case of reducing gases presence, -type p (for instance NiO, CoO), which change resistance of the receptor element in the case of oxidizing gases presence.
The sensing mechanism of semiconducting n-type metal oxides is based on a phenomenon of chemisorption of oxygen contained in air on the metal oxide layer. Adsorbed oxygen molecules trap the electrons from a conducting band of the semiconductor. It results in formation of energetic barriers between the grains of metal oxides, which block a flow of electrons. The consequence is an increase in resistance of the chemically sensitive layer of the sensor. Resistance of the chemically sensitive layer drops when gas molecules of reducing character appear. They react with bound oxygen leading to liberation of electrons. Reverse principle of operation occurs for p-type metal oxides, which identify oxidizing gases. The molecules of gas compounds remove electrons from the chemically sensitive layer, thus forming electron holes (charge carriers).
The process of signal generation (change of resistance) in the semiconductor sensors is not fully recognized. It is complex and consists of a number of co-existing phenomena: diffusion, chemisorption and desorption of gases, catalysed chemical reactions, electric conductivity of semiconductors and electron surface phenomena. The sensor sensitivity depends on: -thickness of receptor layer and catalytic metal particles placed in it, -temperature of receptor layer.
The receptor-converter elements of the resistance sensors can be:
ultrathin (thickness from 5 to 100 nm) -thin (thickness from 100 nm to 1 μm), --thick (thickness from 1 to 300 μm).
This division has conventional character as it is not the lateral dimension but a method of elaboration that decides about classification into particular group. Desired measurement properties are obtained via surface modification of the receptor-converter element by: -formation of ultrathin, discontinuous structures, -deposition of thin layers having compact or microporous internal structure [29, 30] .
The materials used for the modification include metals: Pt, Pd, Ag, Au, V, Ru, Rh, Ti, Co, In and oxides: SiO2, Rh2O3, RuO2, Ir2O3, TiOx, CuO, WO3, V2O5.
The mechanism of operation of the semiconductor sensors strongly depends on temperature of the receptor-converter element as this parameter influences on the most important stages of a measurement process. Typical operation temperature of these sensors is within the 500-900 K range. Appropriate temperature is provided by electrical heaters.
The semiconductor sensors with solid electrolyte find a lot of applications in gas analysis. They can be used for measurement of hydrocarbons and their derivatives, alcohols, ethers, ketones, esters, carboxylic acids, nitroalkanes, amines or aromatic compounds [31] [32] [33] [34] . Schematic design of the MOS-type sensor is shown in Figure 3 . 
Nondispersive Infrared Sensors (NDIR)
Flammable gases and vapours from the VOCs group are subjected to characteristic absorption of radiation from the infrared range. The ranges of oscillation frequency (wave number) characteristic for selected functional groups of VOCs are presented in Figure 4 . The principle of operation of this type of sensor consists in arranging a source of infrared radiation along an optical line with a detector. When an analysed gas appears in a measurement chamber, it absorbs radiation of a particular wavelength and, following the Lambert-Beer law, there is a decrease in radiation reaching the detector, which is converted into electrical signal. Intensity of infrared radiation is diminished as it passes through the measurement cell. This reduction of light intensity is proportional to concentration of the gases or flammable vapours subjected to detection [35, 36] . An important element of the sensor is an optical filter, which passes absorbed light of defined wavelength, thus providing selectivity of particular sensor. Some designs possess additional (reference) chamber, which is filled with non-absorbent gas (typically nitrogen). In this case the signal is generated based on a difference in readings from the detectors of both chambers. Figure 5 schematically presents a design of the NDIR-type sensor. 
Thermal Sensor (Pellistor)
A phenomenon of explosion can be initiated in a mixture of flammable gas and air only within precisely defined concentration range. Lower explosion limit (LEL) determines the minimum concentration of the substance, which can react in a rapid combustion process. Upper explosion limit (UEL) describes the maximum amount of the fuel, at which the mixture contains enough oxidizer to initiate the explosion. The values of LEL and UEL differ for various substances and are usually expressed with respect to air. Concentrations of explosive substances below LEL and above UEL allow for safe operation. Table 2 presents the values of LEL for selected substances from the VOCs group [25] . The principle of operation of this type of sensor consists in diffusion of a mixture of air and particular flammable compound through porous sinter towards porous sensor surface. The porous element contains miniature coil made of platinum wire. Electric current flows through a coil made of platinum wire and heats the pellistor up to a few hundred degrees Celsius. The reaction at the catalytic surface releases heat, which increases temperature of the platinum coil, inducing an increase in its resistance. The pellistor is most commonly implemented as one arm of the Wheatstone bridge, the output of which is the final signal. In the case of temperature changes the output bridge signal is proportional to heat of reaction. Increase in temperature is a measure of concentration of flammable gas substance [25, 37, 38] . A scheme of the pellistor design is illustrated in Figure 6 . Figure 6 . Scheme of pellistor-type sensor.
Photoionization Sensor (PID)
The principle of operation of the photoionization sensors consists in ionization (decay into charged particles) of neutral molecules of chemical compounds. When diffusing VOCs molecules enter the region of UV lamp impact, they are ionized by photons. Then formed ions are directed between two polarized electrodes. The ions move towards the electrodes in an electric field generated by an electrometer. In this way a current flow is generated, which is then converted into voltage signal. This signal is proportional to concentration of the compounds subjected to ionization. The photoionization sensors utilize electrodeless ultraviolet lamps (wavelength 10-400 nm). Operation of the lamp consists in excitation of the filling gas (most often krypton, xenon, radon) via the impact of external electromagnetic field. This type of sensor is most frequently applied for measurement of summary concentration of volatile organic compounds [39] [40] [41] . A scheme of the photoionization sensor is presented in Figure 7 . Table 3 shows the main applications of the above described sensors for detecting the VOC. The literature also provides information about other types of the sensors for VOCs detection in outdoor and indoor air. They include the following sensor types: chemoresistors (conductive polymers), surface acoustic wave, optical, quartz microbalance, FET, hybrid nanostructures. Table 4 presents advantages and disadvantages of these sensors together with the information about a VOC group they are designated. Obviously, new solutions are still being sought in order to make the sensory techniques attractive and fulfil the customers' requirements. It is also worth to mention the sensor matrixes, also termed electronic noses, which are comprised of different types of chemical sensors. The most frequently utilized sensors include semiconductor, electrochemical and PID-type ones. These devices have been already applied in many fields of human activity including safety, environmental pollution, medicine, work safety regulations, food industry, chemical industry [42] [43] [44] .
A search for new ways to improve metrological and utility parameters is also evident in the field of electrochemical and semiconductor sensors technology. In case of the semiconductor sensors with solid electrolyte it is proposed to modify the receptor layer via suitable doping and addition of catalysts. The conductometric sensors with a layer of organic conducting polymer operate in a way similar to the semiconductor sensors, change of resistance is a signal of both sensors. Two types of these sensors can be distinguished as far as their structure is concerned: with a composite polymer layer (for instance polypyrrole, graphite dissolved in a polymer matrix serving as an insulator) and with a layer of intrinsically conducting polymers (for example polyaniline, polypyrrole, polythiophene, polyacetylene, poly(phenylvinylene), poly(thienylenevinylene), poly(3,4-ethylenedioxythiophene), poly(N-vinylcarbazone). The sensors of the first type (utilizing the composite layer), as opposed to the MOS-type sensors, can operate at very high humidity and they exhibit linear response to many gas substances in a very wide concentration range. In case of the sensors of the second type (with the layer of intrinsically conducting polymers) the polymers can be doped (type n and type p) in a way similar to semiconductors. A type of doping results in an increase in the number of charge carriers and a change of polymer chain structure. Both processes cause enhanced mobility of holes or electrons in the polymer depending on the type of doping applied, which significantly contributes to an increase in sensor sensitivity. The advantages of the sensors with a layer of intrinsically conducting polymers include broad selection of suitable conducting polymer and possibility of its doping in order to obtain desired sensor's characteristics [45] [46] [47] [48] [49] [50] .
Traditional internal electrolyte in the electrochemical sensors is substituted with the ionic liquids, the main advantage of which is a possibility of modification of their physico-chemical properties by selection of suitable cation and anion. These modifications provide broadening of electrochemical durability range, relatively high electrical conductivity and possibility of measurement of volatile organic compounds, which would be impossible or significantly limited in the case of aqueous electrolytes utilization [51, 52] . The ionic liquids also found application in conductive polymers sensors and optical sensors. In case of the conductive polymers sensors a function of the ionic liquids is to modify electrical conductivity of a polymer matrix and to provide selective sorption with respect to the air component determined. Suitable selection of the ionic liquid ensures improved sensitivity due to high enough gas/polymer matrix partition coefficient. Sensitivity of the optical sensors depends on a fluorescent dye (or dye mixture) applied and on the polymer matrix, in which the dye is dissolved. Such parameters of the matrix as polarity, hydrophobicity, porosity and expansion tendency have a significant impact on the value of sensor signal. The ionic liquids in the optical sensors influence on change of physico-chemical properties of the polymer matrix, mainly on polarity and sorption properties. Table 5 gathers basic information about the types of commercially available sensors for measurement of toxic gases and flammable gasses from the VOCs group and their metrological parameters. The mentioned parameters include (unless the information was unavailable): measurement range, measurement accuracy, resolution, limit of detection, sensitivity and response time. 
Commercially Available Chemical Sensors for Measurement of VOCs in Outdoor and Indoor Air

Conclusions
The methods of measurement of outdoor and indoor air pollutants belonging to the group of volatile organic compounds utilize broad spectrum of devices, from inexpensive chemical sensors presented in this paper to costly stationary systems such gas chromatographs, UV and IR spectrometers (including the ones with Fourier transformation), mass spectrometers, as well as electron capture detectors, flame ionization detectors, photoionization detectors and thermal conductivity detectors [84, 85] . Selection of a suitable sensor depends on the gas to be measured, expected concentration range, the fact whether the sensor is meant to be stationary or portable, detect areal or point pollution, identify presence of other gases that could influence on the reading or damage the measurement device. Presented sensors are characterized by obvious advantages such as economic factor, relatively good metrological parameters, functionality, simple design, possibility of miniaturization. Nevertheless, they also possess certain limitations due to still too high limit of detection and quantification (MOS, NDIR, Pellistor, EC). Some of them also exhibit poor selective properties. That is why it is often the case that summary content of VOCs present in outdoor and indoor air is measured (PID). The chemical sensors reveal high reliability and functionality as far as personal, zone or indoor monitoring and identification of hazardous substances leaks from technological installations are concerned. This conclusion is also supported by the market, which offers wide variety of the chemical sensors for detection of flammable gases or toxic gases from the VOCs group. Progressively stricter legal rules concerning healthcare, protection of the natural environment and safety at workplace, focused on control of hazardous compounds emission beside industrial plants, power plants, transportation routes and municipal emitters such as landfills or sewage treatment plants resulted in the fact that air quality protection had become one of the most important elements of the ecological policy of the European Union. Despite the fact that the spectroscopic techniques are the most often applied reference methods for continuous ambient air monitoring (imision measurements), in many cases these are the chemical sensors, which are supplementary tools allowing prevention measures to be undertaken, especially in emission measurements.
Summarizing, the chemical sensors for detection and measurement of VOCs will be still developed and improved as there is an increasing market demand for them.
